Although the Myc transcription factor has been shown necessary for the oncogenic function of Ras, the contribution of Ras pathway signaling to the oncogenic function of Myc remains unresolved. We report the novel findings that Myc alone induced Ras/Mapk pathway signaling, and increased signaling following growth factor stimulation. Deletion of the scaffold protein kinase suppressor of Ras 1 (Ksr1) attenuated signaling through the Ras/Mapk pathway, including activation following Myc induction. B cells that lacked Ksr1 exhibited reduced proliferation and increased cytokine deprivation-induced apoptosis. Overexpression of Myc rescued the proliferation defect of Ksr1-null B cells, but loss of Ksr1 increased sensitivity of B cells to Myc-induced apoptosis. Notably, there was a significant delay in lymphoma development in Ksr1-null mice overexpressing Myc in B cells (El-myc transgenic mice). There was an elevated frequency of p53 inactivation, indicative of increased selective pressure to bypass the p53 tumor suppressor pathway, in Ksr1-null El-myc lymphomas. Therefore, loss of Ksr1 inhibits Ras/Mapk pathway signaling leading to increased Myc-induced B-cell apoptosis, and this results in reduced B-cell transformation and lymphoma development. The c-Myc transcription factor is an oncoprotein that is frequently overexpressed in hematological malignancies through translocations, amplifications, and other less characterized mechanisms. Overexpression of Myc, which drives cell cycle progression, is a well-characterized initiating step in human Burkitt's lymphoma, a non-Hodgkin's B-cell lymphoma. The role of Myc in non-Hodgkin's B-cell lymphoma was established in part by the Em-myc transgenic mouse model that overexpresses Myc in B-cells and develops pre-B/B-cell lymphoma.
The c-Myc transcription factor is an oncoprotein that is frequently overexpressed in hematological malignancies through translocations, amplifications, and other less characterized mechanisms. Overexpression of Myc, which drives cell cycle progression, is a well-characterized initiating step in human Burkitt's lymphoma, a non-Hodgkin's B-cell lymphoma. The role of Myc in non-Hodgkin's B-cell lymphoma was established in part by the Em-myc transgenic mouse model that overexpresses Myc in B-cells and develops pre-B/B-cell lymphoma. 1 Overexpression of Myc in primary B cells triggers activation of the Arf-Mdm2-p53 tumor suppressor pathway, which leads to apoptosis. Specifically, Myc induces Arf, which inhibits Mdm2, causing p53 activation and B-cell apoptosis. Myc-overexpressing B cells that acquire mutations that inhibit apoptosis survive and can be transformed. This is exemplified in that 80% of the lymphomas that arise in Em-myc mice have deleted Arf, overexpress Mdm2, or have mutated or deleted p53, all of which inhibit Myc-induced apoptosis. 2 Similar observations have been made in human lymphomas. [3] [4] [5] Therefore, whereas Myc overexpression induces B-cell transformation in vivo, it requires B cells to gain resistance to apoptosis induced by the hyperproliferative signals from Myc for this to occur.
The Ras-Raf-Mek-Mapk/Erk (Ras/Mapk) signaling pathway is essential for cell growth, differentiation, and cell survival. 6 Kinase suppressor of Ras 1 (Ksr1) was first identified as a positive modulator of Ras signaling in genetic screens of Drosophila and C. elegans. 7 Subsequent studies have shown Ksr1 functions as a scaffold protein that can bind and facilitate signaling of multiple components of the Ras/Mapk signaling pathway. 6 Deletion of Ksr1 results in decreased Mapk-Erk1/2 signaling. 8 In lymphocytes, loss of Ksr1 inhibits T-cell activation, but does not influence T-or B-cell development. 8 Consistent with its scaffolding function in the Ras/Mapk signaling pathway, Ksr1 overexpression or loss of expression inhibits oncogenic Ras (RasV12)-induced fibroblast transformation in vitro. 9, 10 In vivo, deletion of Ksr1 inhibits Ras signaling-dependent tumor development in the mammary gland and skin. 8, 11 However, there are incongruous data that Ksr1 can promote fibroblast proliferation, 12 but also that deletion of Ksr1 increases spontaneous immortalization and RasV12-induced proliferation of fibroblasts. 10 Therefore, Ksr1 has a critical function in modulating Ras pathway signaling, but its role in the cellular processes linked to transformation and in tumorigenesis remain incompletely resolved.
Oncogenic Ras mutations have been identified in leukemias and lymphomas. [13] [14] [15] Ras mutations have also been reported in pre-B/B-cell lymphomas arising in Em-myc transgenic mice. 16 Over 20 years ago, it was shown that co-expression of v-H-Ras and v-Myc transforms pre-B cells, and that v-H-Ras accelerates B-cell lymphomagenesis in Em-myc transgenic mice. 18 Despite these findings, it remains unclear whether the endogenous Ras signaling cascade is necessary for or contributes to Myc-induced B-cell tumorigenesis. Crosses with Em-myc mice and Ksr1-null mice, which are disabled in their ability to signal properly through the Ras/Mapk pathway, 6 reveal the importance of this cascade for Myc-mediated B-cell transformation. We show that Myc induction activates Mapk/Erk signaling, and that this response is attenuated in cells lacking Ksr1. Loss of Ksr1 sensitized B cells to Myc-induced apoptosis and significantly delayed Myc-mediated B-cell lymphomagenesis. Lymphomas that did emerge in Ksr1À/À Em-myc mice had an increased frequency of p53 inactivation. Our results indicate that the Ras pathway cooperates with Myc in oncogenic transformation of B cells by providing anti-apoptotic signaling. Therefore, modulators of Ras signaling, such as Ksr1, may prove to be efficacious therapeutic targets in Myc-driven cancers.
Results
Ksr1 facilitates Myc-induced Ras activity. Despite the well-known synergy of Myc overexpression and oncogenic Ras in cellular transformation and a recent report that Myc is necessary for oncogenic Ras-induced lung cancer, 19 the contribution of endogenous Ras signaling to the oncogenic function of Myc remains uncharacterized. Therefore, we investigated whether Myc could influence Ras signaling through the Ras-Raf-Mek-Mapk/Erk pathway. Wild-type mouse embryonic fibroblasts (MEFs) were infected with a bicistronic retrovirus encoding MycER, a 4-hydroxytamoxifen (4-OHT)-inducible form of Myc, 20 and green fluorescent protein (GFP). GFP-positive MEFs treated with 4-OHT to activate MycER exhibited significantly increased basal Mek1/2 (4.4-fold) and Erk1/2 (7.2-fold) phosphorylation compared with ethanol vehicle control-treated MEFs (Figure 1a ). Mek1/2 and Erk1/2 are downstream kinases activated by Ras signaling, and a measure of Ras activation. Ras is activated by growth factor receptor ligation leading to receptor tyrosine kinase activation. 6 Therefore, as an additional test of the influence Myc has on Ras pathway activation, murine fibroblasts expressing MycER were pretreated with 4-OHT or ethanol control, removed from growth factors, and then subsequently treated with serum or epidermal growth factor (EGF). Activation of MycER resulted in increased and sustained Ras/Mapk activation in response to both serum and EGF relative to vehicle control (Figure 1b) . These data show that Myc can enhance not only basal, but also receptor tyrosine kinase-induced Ras/Mapk pathway signaling.
Previous studies have demonstrated that Ksr1 acts as a scaffolding protein that positively regulates Ras pathway signaling and cooperates with oncogenic Ras in transformation. 7 To test whether Ksr1 contributes to Ras/Mapk pathway signaling induced by Myc, we evaluated MEFs lacking Ksr1. Addition of 4-OHT to MycER-expressing Ksr1À/À MEFs resulted in a 3.1-fold reduction in Erk1/2 phosporylation compared with MycER-induced Erk1/2 phosphorylation in Ksr1 þ / þ MEFs (Figure 1c) . Therefore, loss of Ksr1 attenuates Myc activation of the Ras/Mapk pathway.
Lack of Ksr1 reduces proliferation and increases apoptosis of pre-B cells. As overexpression of Myc is thought to be an initiating event in the development of some B-cell lymphomas, we sought to determine the contribution of Ras signaling to Myc-induced B-cell lymphomagenesis by utilizing Ksr1-deficient mice. We first investigated the In addition to reduced proliferation, we also investigated whether apoptosis may have also contributed to the decreased cell numbers observed with Ksr1À/À pre-B cells. Analysis of cell viability of Ksr1À/À and Ksr1 þ / þ pre-B cells revealed consistently more dead and apoptotic cells in the Ksr1À/À cultures (data not shown). We also observed that Ksr1À/À pre-B cells were significantly more sensitive to IL-7 deprivation-induced apoptosis than wild-type Ksr1 þ / þ pre-B cells (Figure 2e ). Therefore, loss of Ksr1 leads to both decreased proliferation and increased spontaneous and growth factor deprivation-induced apoptosis.
Loss of Ksr1 increases Myc-induced apoptosis. Given that Myc induces Ras/Mapk pathway signaling and that this is inhibited by loss of Ksr1 (Figure 1 ), we evaluated the biological consequences of suppressing Ras pathway signaling in B cells overexpressing Myc. We crossed Ksr1-deficient mice to Em-myc transgenic mice that overexpress Myc in the B-cell compartment and subsequently develop spontaneous pre-B/B-cell lymphoma. 1 Prior to lymphoma development, B-cell development was evaluated in bone marrow of Ksr1À/À Em-myc mice. There were no detectable differences in B-cell development between Ksr1À/À Em-myc, Ksr1 þ /À Em-myc, and Ksr1 þ / þ Em-myc littermates (data not shown). However, in repeated experiments, Ksr1À/À Emmyc and Ksr1 þ /À Em-myc pre-B cells derived from cultured bone marrow harvested prior to lymphoma development consistently exhibited reduced population doublings relative to littermate control Ksr1 þ / þ Em-myc pre-B cells (Figure 3a (Figure 3c ). Given that Erk activity can influence Myc protein stability, 21 which could account for the differences in cell number we detected, we assessed Myc levels in Em-myc pre-B cells. There were similar levels of Myc protein in all three genotypes of Em-myc pre-B cells (Figure 3d) . Therefore, the differences in the rate of pre-B cell growth between the Ksr1À/À Em-myc and Ksr1 þ / þ Em-myc pre-B cells are not due to differences in Myc expression.
We postulated that differences in both proliferation and apoptosis would account for the decreased numbers of viable Viability was assessed by Trypan Blue Dye exclusion assay. Percent viability at each time is expressed relative to the initial viability at time 0; *P ¼ 0.0242, **P ¼ 0.0122, ***P ¼ 0.0028, t-test. Inset, MycER protein levels were examined by western blot with b-actin as a loading control. (d) DNA in MycERexpressing pre-B cells was stained with propidium iodide at intervals after treatment with 4-OHT and sub-G1 DNA content, as a measure of apoptosis, was analyzed by flow cytometry; *P ¼ 0.0175, **P ¼ 0.0267, t-test of pre-B cells to Myc-induced apoptosis. Collectively, these data indicate that Ksr1 expression is protective against Mycinduced apoptosis.
Ksr1 deficiency inhibits Myc-driven B-cell lymphoma development. To assess the overall effect of reduced Ras/ Mapk pathway signaling on Myc-induced B-cell lymphoma development, we generated a cohort of Em-myc transgenic mice deficient in Ksr1 and littermate controls. Ksr1À/À Em-myc mice demonstrated a significant delay in lymphoma development compared with Ksr1 þ / þ Em-myc littermates ( Figure 5 , P ¼ 0.0365 log-rank test). At 300 days, B30% of the Ksr1À/À Em-myc mice were alive, whereas only B10% of the Ksr1 þ / þ Em-myc mice were alive. Moreover, the mean survival of Ksr1 þ / þ Em-myc mice (95 days) was significantly lower than Ksr1À/À Em-myc mice (138 days). Ksr1 þ /À Em-myc mice exhibited an intermediate onset of lymphoma development and survival (122 days mean survival), but survival was not statistically different from Ksr1 þ / þ Em-myc mice (P ¼ 0.1752, log-rank test). The B-cell lymphomas arising in all three genotypes of mice were typical pre-B/B-cell lymphomas that emerge in wild-type Emmyc mice (data not shown). These data indicate that lack of Ksr1 significantly delays Myc-driven lymphoma development, but does not alter the type of B-cell malignancy that emerges.
Increased frequency of p53 inactivation in Ksr1À/À Elmyc lymphomas. The Arf-Mdm2-p53 tumor suppressor pathway is directly inactivated in at least 80% of lymphomas that emerge in Em-myc mice. 2 To examine the effect of reduced Ras/Mapk pathway signaling from loss of Ksr1 has on the Arf-Mdm2-p53 pathway in Myc-induced lymphomas, Arf, Mdm2, and p53 status were evaluated in Ksr1À/À Em-myc lymphomas. Biallelic deletion of Arf was detected by Southern blot in 6 of the 28 (21.4%) Ksr1À/À Emmyc lymphomas analyzed (Figure 6a ). This frequency is comparable to that previously observed in wild-type Em-myc lymphomas (24%). 2 Missense mutations in p53 can be 
detected by western blot, as these mutations typically lead to p53 protein accumulation with a concomitant increase in Arf protein. 2 Eight of the 28 lymphomas analyzed had increased p53 protein, with mutations in the DNA-binding domain of p53 being the most common mutation detected (Figure 6b and data not shown). As p53 mutation or deletion leads to Arf overexpression, 2, 22 p53 was sequenced and Southern blots were performed on genomic DNA from Ksr1À/À Em-myc lymphomas that did not exhibit p53 overexpression but did overexpress Arf (Figure 6b ). This analysis revealed that three lymphomas contained nonsense mutations in p53 leading to truncation of p53, but no deletions of p53 were detected in Ksr1À/À Em-myc lymphomas (data not shown). Combined, the frequency of p53 mutations in Ksr1À/À Emmyc lymphomas was 39.3% (11 of 28), which is higher than what has been typically observed in wild-type Em-myc lymphomas 2, 23 and littermate control Ksr1 þ / þ Em-myc lymphomas in this study (2 of 10; 20%). p53 can also be inactivated by Mdm2 overexpression. Of the 28 Ksr1À/À Em-myc lymphomas analyzed, 18 (64.3%) exhibited overexpression of at least one of the three Mdm2 isoforms. This frequency is also elevated relative to that previously reported for wild-type Em-myc lymphomas (48%) as well as littermate control Ksr1 þ / þ Em-myc lymphomas analyzed in parallel in this experiment (5 of 10; 50%). Collectively, our results indicate that lack of Ksr1 does not affect the frequency of Arf deletion, but does increase the incidence of Mdm2 overexpression and p53 mutations in Em-myc lymphomas. These data support a model in which lack of Ksr1 increases the selective pressure to overcome p53 tumor suppressor activity, resulting in an increased frequency of Mdm2 overexpression and p53 mutations.
Discussion
Previous studies have evaluated the contribution of Ras to Myc-induced B-cell malignancy by forced expression of oncogenic Ras and Myc, which transforms B cells in vitro and in vivo. 17, 18 Screening for alterations in Ras and/or proteins in the Ras pathway in leukemias and lymphomas has also been done. Both gain-of-function mutations in Ras isoforms (H-Ras, K-Ras, or N-Ras) and loss-of-function mutations that directly activate Ras/MAPK signaling have been identified in human and murine leukemias and lymphomas, many of which overexpress Myc. 14, 16, 24 In addition, analysis of human B-cell malignancies showed a frequent increase in the copy number of genomic regions that contain Ras pathway components. 25 However, none of the studies examined whether endogenous Ras pathway signaling contributes to Myc-induced lymphoma development or how Ras pathway signaling impacts Myc-driven tumorigenesis. Utilizing primary cells and mouse models, we have shown that deletion of Ksr1, an established positive regulator of Ras signaling, leads to inhibition of Myc-induced Ras/Mapk pathway signaling, increased Myc-initiated apoptosis, and a significant delay in Myc-mediated lymphomagenesis. Our data significantly extend previous knowledge on Myc-induced transformation and highlight the critical function of endogenous Ras/Mapk pathway signaling in Myc oncogenic function.
Apoptosis inhibits hyperproliferative signals from oncogenes, such as Myc, and thus limits the development of hematopoietic malignancies. Acquiring resistance to Myc-induced apoptosis is a requisite step in Myc-mediated lymphomagenesis.
2 B-cells that are resistant to Myc-induced apoptosis, such as those that lack Arf, p53, or pro-apoptotic Bcl2 family members, and those that overexpress Mdm2 or anti-apoptotic Bcl2 family members exhibit accelerated Myc-mediated lymphomagenesis. 2, 23, [26] [27] [28] Increased sensitivity of B cells to Myc-induced apoptosis, such as that conferred with Mdm2 heterozygosity, inhibits lymphoma development driven by Myc. 23 As the Ras pathway can facilitate signaling that leads to cell growth as well as cell death, and Ksr1 inactivation is reported to lead to both increased and decreased sensitivity to p53-mediated apoptosis, 29, 30 it was unclear whether or how suppression of this pathway by deletion of Ksr1 was going to impact the ability of Myc to transform B-cells. Our data showed that although loss of Ksr1 led to reduced proliferation and increased apoptosis of B-cells, in the presence of Myc overexpression proliferation rates were analogous, but apoptosis was increased. These results suggest that Myc overexpression compensated for decreased Ras/Mapk pathway signaling in proliferation, but normal Ras/Mapk pathway signaling was required to mediate the cell survival signal. The increased frequency of p53 inactivation in Ksr1À/À Em-myc lymphomas we detected is also supportive of this conclusion. However, the precise mechanism for the increased sensitivity of Ksr1À/À pre-B cells to Myc-induced apoptosis remains unresolved. Evaluation of anti-and pro-apoptotic Bcl2 family members, particularly ones whose expression are known to be regulated by Myc (e.g., Bcl2, Bclx L , and Bim [31] [32] [33] ), in pre-cancerous Emmyc B cells did not reveal differences in expression of these proteins in the absence of Ksr1 (data not shown). Therefore, Ksr1 expression decreases the sensitivity of B cells to Mycinduced apoptosis by promoting Ras/Mapk pathway signaling, and this appears to be independent of the effects Myc has on Bcl2 family members.
Our results reveal a possible achilles' heel in tumors that rely on Myc for growth and survival. Studies from multiple labs have established that loss or inhibition of Myc results in regression of many Myc-overexpressing tumors. 34 It has recently been appreciated that Myc function is also critical for the maintenance and survival of mutant Ras-driven lung tumors, as inhibition of Myc led to regression of lung tumors that overexpressed K-RasG12D. 19 It has also been hypothesized from studies using oncogenic Ras and Myc overexpression that targeting both Myc and Ras may be beneficial for treating lung cancers and lymphoma. 35 However, Myc to-date has not been able to be targeted therapeutically in patients. Our results establish the critical function of the endogenous Ras/Mapk signaling pathway in Myc-induced lymphoma development and B-cell survival, and provide impetus to test inhibitors of Ras/Mapk pathway signaling in established Myc-overexpressing lymphomas. Previous reports have shown that Ksr1 expression appears important for tumor maintenance, although Myc levels were not investigated in these studies. Specifically, KSR1 antisense inhibited the proliferation of epidermoid carcinoma cells and the growth of pancreatic and lung tumor cells in xenografts. 36 Furthermore, knockdown of KSR1 sensitized endometrial carcinoma cells to death receptor-mediated apoptosis. 37 Although deletion of Mek1 inhibits tumor formation in the skin, 38 it was shown that shRNA knockdown of Mek1 in murine hematopoietic stem cells facilitated Myc-induced tumor development. 39 However, the decrease in survival of the mice with Mek1 knockdown was not reported to be statistically significant, but may reflect different requirements of Mek1 signaling in stem cells. Recently, a pharmacological MEK inhibitor was shown to kill human diffuse large B-cell lymphoma cells, which frequently overexpress Myc. 40 Thus, a likely fruitful avenue of investigation will be to determine whether Ras/Mapk pathway signaling is critical for the maintenance and survival of lymphomas and the many other cancers that overexpress Myc. 8 and obtained from Dr. Robert Lewis (University of Nebraska Medical Center). Ksr1 þ /À mice (backcrossed onto C57Bl/6 at least 10 generations) were mated to male Emmyc transgenic mice to generate F1's. The F1's were then crossed to generate F2's for analysis. The transgene was always inherited through the male. Mice were carefully followed and euthanized when lymphomas developed. Statistical significance was determined by log-rank test. All experiments with mice were approved by the Vanderbilt Institutional Animal Care and Use Committee (IACUC) and followed all federal and state rules and regulations. All phenotyping procedures are previously described. 23 Antibodies for phenotypic analyses of bone marrow, spleens, and lymphomas were from Southern Biotechnology (Birmingham, AL, USA) and BDPharMingen (San Diego, CA, USA).
Culture and infection of primary pre-B cells and fibroblasts. Primary pre-B cell (CD43À, B220 þ , CD19 þ , IgMÀ) cultures were generated from bone marrow of 4-6-week-old mice as previously described. 2 For pre-B cell retroviral infections, bicistroinic retrovirus encoding MSCV-MycER-IRES-GFP was generated and used to infect pre-B cells as previously described. 23 GFP-positive pre-B cells were isolated by fluorescence-activated cell sorting (FACS) and expanded for analysis. MEFs were generated from Ksr1 þ / þ and Ksr1À/À embryos from pregnant Ksr þ /À females. MEFs and NIH3T3 cells were similarly infected with MSCV-MycER-IRES-GFP retrovirus, and GFP expression was evident in 495% of the MEFs.
Measurement of Ras/Mapk activity. In six-well plates, sub-confluent MycER-expressing fibroblasts were washed with PBS to starve them of serum following 24 hours of pre-treatment with 4-OHT or ethanol (ETOH) vehicle control. Media containing 10% serum or serum-free media supplemented with 100 ng/ml EGF (PHG0313, Invitrogen, Camarillo, CA, USA) was then added to the fibroblasts. Cells were then washed with cold PBS at intervals, lysed, and proteins western blotted as described below. For the basal Ras/Mapk activity experiments, fibroblasts in 10% serum expressing MycER were treated for 24 hours with EtOH vehicle control or 4-OHT and then lysed (see below).
Viability, apoptosis, proliferation, and cell cycle analysis. Viability of pre-B cells following explantation of bone marrow into IL-7-containing medium, after addition of 4-OHT (Sigma, St Louis, MO, USA) to culture media of MycERexpressing pre-B cells, or after IL-7 deprivation was determined at intervals by Trypan Blue Dye exclusion and MTT assay as previously described. 23 Population doublings of bone marrow cultures were determined by counting cells excluding Trypan Blue Dye at intervals over 25-60 days. Proliferation was examined by BrdU incorporation as previously described. 27 Quantification of fragmented (Sub-G1) DNA was determined following staining DNA with propidium iodide (PI). Fluorescence from anti-BrdU, AnnexinV/7AAD, and PI was measured by flow cytometry (BDPharMingen, San Jose, CA, USA) and analyzed by Flowjo (Tree Star, Ashland, OR, USA).
